Background:
INTRODUCTION
Post-operative cognitive dysfunction (POCD) occurs frequently after major surgery [1] . It is broadly defined as an impairment of a patient's cognitive functioning relative to their pre-surgery cognitive status [2] . POCD is considered transient [2] but may remain detectable for months and years after surgery [3] . In patients with persistent POCD, it is known to negatively impact on everyday life tasks [4] , quality of life [5] , subjective memory performance [6] , emotional symptoms [7] , and may predict more severe health consequences such as dementia and premature mortality [2, 8, 9] . Both the prevalence of hypertension and the likelihood of major surgery increase with advanced age [10 -13] . Indeed, hypertension is extremely common across the Western world, with approximately 30% of adults affected in the US [14] , and it is a well-established risk factor for cognitive impairment in older ages [15] . Yet, it is entirely unclear, whether or not patients with hypertension are also at increased risk of POCD. A role of hypertension as a risk factor for POCD is plausible on the basis that it increases the risk of post-operative delirium (POD) [16] , which itself is strongly linked to POCD. Further, as part of the metabolic syndrome, hypertension often occurs in people with diabetes or obesity [17] , which both have recently been identified as potential risk factors for POCD [18, 19] , and it is common in surgical patients [6, 20] . Hypertension is potentially modifiable by using relatively cost-effective measures, including modification of diet and lifestyle or drug-treatment [21] . Therefore, any association of hypertension with risk of POCD would have far-reaching implications for risk assessment in surgical patients and -potentially -for prevention of POCD. The objective of our study was therefore to conduct a systematic review and meta-analysis on epidemiological studies of hypertension, blood pressure and anti-hypertensive treatment prior to surgery and risk of POCD.
MATERIALS AND METHODS

Systematic Search Strategy
The PubMed, Ovid SP and Cochrane Database of Systematic Reviews were searched from their respective inception to 25 th April 2016. Titles and abstracts were searched for the following terms: (((blood pressure OR systolic OR diastolic OR antihypertens* OR hypertens*))) AND ((post-operative cognit* OR postoperative cognit* OR POCD) OR ((surgery OR operation) AND (cognit OR intelligence OR MMSE OR Mini Mental OR dementia OR Alzheim* OR mild cognitive impairment OR MCI))). All titles and abstracts of articles that remained following removal of duplicates were screened against inclusion criteria by one investigator (IF). If they were deemed to potentially match inclusion criteria or if they appeared to have data on both hypertension and POCD (e.g., adjusted analyses of POCD for hypertension), full texts were accessed. Reference lists of any review articles identified in the search and of included studies were screened for further original articles that also entered the full text review stage. The search adhered to MOOSE [22] and PRISMA [23] guidelines, and was registered on the PROSPERO database (Registration No. CRD42016038236).
Study Selection
We included studies that fulfilled all of the following criteria: i) prospective study of any design ii) sample of human adults (≥18 years old) undergoing surgery iii) full text in English language iv) ascertainment of blood pressure, hypertension and/or antihypertensive treatment prior to surgery v) reporting of these exposure variables with risk of POCD as relative risks (RR) or odds ratios (both taken as RR for the purpose of the present analysis, as odds ratios and RR are close to identical in assessments of rare outcomes [24] ) or in a form that allowed calculation of RR.
Any type of surgery, any definition of POCD and any length of follow-up qualified for inclusion. Use of the term 'POCD' was not required. Studies on post-operative delirium, on hypotension or on blood pressure during surgery or in the post-operative period were not considered. Corresponding authors were contacted for any essential unreported information unless previous contact had been unsuccessful. That way, unpublished data were obtained for one article [25] . If an article lacking essential unreported information was suspected of duplicate reporting of another article that provided sufficient detail, the latter was selected for inclusion.
Data Extraction
For each article, RR statistics on the respective longest follow-up period were extracted. Preference was given to fully adjusted multivariate models unless no adjustment was made. Data were tabulated for separate meta-analysis of each predictor as appropriate.
For one study which compared patients who had "improved" versus "not improved" on cognitive tests, "not improved" was used to represent POCD for the purpose of the present analysis [26] . For another that assessed three levels of cognitive change, "severe deterioration" was considered as POCD and contrasted with "no deterioration" and "mild deterioration" [27] . Another study compared various levels of cognitive impairment and we equated "major decline" with POCD [28] . Finally, one study assessed improvement in cognitive function after 1 year in a sample of patients who all were classified to suffer from POCD at 6-week follow-up [6] . "No improvement" was taken to represent POCD for that study. We included one study in which baseline cognitive assessment was performed after rather than prior to surgery in a small proportion (18%) of patients [28] .
For two studies, the originally reported upper limits of the 95% confidence intervals of their estimates were implausible, and for the purpose of the present analysis were calculated on the basis of the respective lower limit [29, 30] .
Data Synthesis
Extracted statistical data were entered into Review Manager (version 5.3; the Cochrane Collaboration) to calculate summary estimates in inverse variance fixed-effects models. Statistical heterogeneity was indexed by I 2 and publication bias was evaluated through visual inspection of funnel plots and Egger's regression analysis [31] . Multiple fixed-effects meta-regression analyses explored differences between subgroups of studies. Specifically, studies were compared according to follow-up period (≤1 month versus >1 month), sample size (≤100 versus >100), mean sample age (≤65 years versus >65 years), surgery type (cardiac; non-cardiac; mixed surgery type) and sex (≤75% males versus >75% males). All cut-points for subgroup analyses were selected a priori to obtain around equally sized groups of studies without any pre-specified hypotheses. For example, for "sex", the cut-point was selected on the basis that studies of POCD are often skewed toward inclusion of a greater proportion of males, because many studies focus on cardiac surgery which is more common in males than females [32] . We therefore expected a cut-point at 75% males to result in two around equally sized groups of studies. Meta-regression was performed using SAS Enterprise Guide (version 4.3).
Quality Assessment
Both cohort and trial studies were scored by one investigator (IF) on the 22-item STROBE checklist of cohort studies [33] , as all analyses on hypertension and POCD were observational in essence. No exclusion was applied based on STROBE scores.
RESULTS
Study Characteristics
The search yielded N=200 articles in PubMed, N=115 articles in Ovid SP and N=2 articles in the Cochrane Database. Following removal of duplicates, N=299 articles remained for screening ( Fig. 1) .
At this stage, 259 articles were excluded most commonly due to focusing on unrelated research topics including delirium, intra-or post-operative blood pressure or animal studies, or due to reporting of cognitive function as an exclusion criterion. Thus, full texts of 40 articles were accessed. Six articles qualified for inclusion of which 3 were excluded [34 -36] due to suspected duplicate reporting of other articles with more complete reporting [9, 30, 37] . Twelve articles that addressed the research question were excluded due to failing to formally meet inclusion criteria but were considered qualitatively in sensitivity analyses. One article on cognitive symptoms following shunt surgery in hydrocephalus was excluded despite formally meeting inclusion criteria due to the neurosurgical nature of the surgery [38] . Screening of reference lists and an independent search identified 22 further relevant studies of which 21 met inclusion criteria. Overall, 24 articles were included [6, 9, 25 -30, 37, 39 -53] . Publication dates spanned 1980 to 2015 and studies originated in Europe, North America, Asia and Australia ( Table  1) . Analysis samples included a total of 4317 patients. Sample characteristics and study designs were heterogeneous. Mean age (where reported) ranged from 42 to 75 years (mean 63 ± 7 years). Samples included between 29% and 81% males (where reported) though 19 of 24 studies included more males than females. Patients were followed up for between 1 day and 5 years after surgery (median 36 days, interquartile range 7 to 90 days). Procedures included cardiac (N=16), non-cardiac (N=7) and mixed (N=1) types of surgery.
All articles were on hypertension rather than systolic or diastolic blood pressures as linear measures. In the majority of studies (n=21), we found no information on how hypertension was defined or assessed. In 1 study, it was defined as systolic blood pressure >140 mmHg or use of anti-hypertensive treatment [41] , and in another as use of antihypertensive medication though it is unclear whether or not blood pressure readings were additionally considered [49] . One study determined hypertension from self-report which was verified using medical records [25] . Among all 24 articles, only 2 explicitly referred to arterial hypertension [6, 47] but we assume that all evaluated arterial rather than other forms of hypertension. Where reported, hypertension was present in between 14% of patients in a study of relatively young Asian patients (mean age 42 years [50] ) and 99% of patients in an older German sample (mean age 69 years [6] ). The Mini Mental State Examination (or national equivalent) was administered in 5 studies [28, 29, 50, 52, 53] ; all other studies used more detailed neuropsychological tests. Definition of POCD varied. In 6 studies, it was based on cognitive change relative to a non-surgical control group. POCD occurred in between 9% [27] and 75% [52] of patients. Statistical analyses of hypertension associations with POCD risk were adjusted for sociodemographic and clinical covariates in only 2 of the 24 studies [27, 37] ; all of the remaining analyses reported unadjusted RR statistics or descriptive data that allowed calculation of univariate RR.
Findings of Included Studies and Meta-Analysis: Hypertension
All included studies were on hypertension and so were entered into a single meta-analysis (Fig. 2) . Overall, there was no association between hypertension and risk of POCD (RR 1.01; 95% CI 0.93, 1.09; p=0.82). This risk estimate represents a largely unadjusted relationship of hypertension with POCD as only 2 studies applied statistical adjustment [27, 37] . The finding was similar when the analysis was repeated using a random-effects model (RR 1.06; 95% CI 0.94, 1.19; p=0.34) . Statistical heterogeneity between studies was low to moderate (chi 2 (23)=35.68; p=0.04; I 2 =36%) with no evidence of publication bias ( Fig. 3; Egger's regression analysis, p=0.129 ). 
Subgroup Analyses and Meta-Regression: Hypertension
Results of subgroup analyses are summarized in Fig. (4) . Associations of hypertension with risk of POCD were statistically non-significant in all subgroups of studies based on follow-up period (≤1 month, RR 0.94, 95% CI 0.85, 1.05; >1 month RR 1.09, 95% CI 0.97, 1.23; meta-regression p=0.099), sample size (≤100, RR 1.21, 95% CI 0.90, 1.63; >100, RR 0.99, 95% CI 0.92, 1.08; meta-regression p=0.216), mean sample age (≤65 years, RR 0.99, 95% CI 0.90, 1.09; >65 years, RR 1.09, 95% CI 0.90, 1.34; meta-regression p=0.387) and type of surgery (cardiac, RR 1.00, 95% CI 0.92, 1.09; non-cardiac RR 1.08, 95% CI 0.88, 1.32; mixed RR 0.70, 95% CI 0.34, 1.45; meta-regression p=0.303 to p=0.521). However, when analyses were restricted to 8 studies with >75% males, hypertension was overall associated with a 27% increased risk of POCD (RR 1.27, 95% CI 1.07, 1.49; p=0.005). Of these, a single study applied statistical adjustment for sociodemographic and clinical covariates [37] so that the pooled estimate is largely unadjusted. Studies on ≤75% males revealed no association of hypertension with POCD (RR 1.03, 0.92, 1.15). The difference in risk estimates between these two groups of studies (≤75% males versus >75% males) approached statistical significance (meta-regression p=0.052; Fig. 4) . Fig. (4) . Analyses of subgroups of studies according to A) follow-up, B) sample size, C) mean sample age, D) surgery type and E) proportion of males, and F) overall pooled effects. *data missing for N=3 studies. **data missing for N=1 study.
Qualitative Summary of Relevant Excluded Studies
Several studies strictly failed to meet inclusion criteria but may supplement our analyses. Five studies were on hypertension and POCD but were excluded due to lack of statistical detail [8, 54 -57] . Here, hypertension associations with POCD were described in narrative form only [54 -57] , or descriptive data were insufficient to calculate RR [8] . Of these studies, all except one [56] found no association of hypertension with POCD. Other studies that failed to meet inclusion criteria on the basis of study design revealed more mixed evidence. In one imaging study, hypertension was unrelated to changes in the P300 component reflective of cognitive processing across surgery [58] . An analysis of hospital records showed interaction effects of hypertension with exposure to surgery in prediction of dementia diagnosis [59] ; another reported no such evidence [60] . Three studies on continuous cognitive change reported null or marginal findings [61, 62] or detrimental effects [63] of hypertension. Finally, one study that did not differentiate between POCD and POD reported a lower risk of these outcomes in patients with hypertension [64] .
DISCUSSION
Here, we set out to combine the current epidemiological evidence on associations of pre-surgery hypertension, blood pressure and anti-hypertensive treatment with risk of post-operative cognitive dysfunction (POCD). All included articles were on hypertension and overall, we found little evidence of an association with POCD. However, all studies were of exploratory nature, and only 2 studies adjusted for potential confounders and, therefore, our meta-analysis does Reduced risk of POCD Increased risk of POCD not rule out a (potentially causal) relationship. In subgroup analyses, we also found that among studies with proportion of males >75%, hypertension statistically significantly increased the risk of POCD by 27%. The finding warrants confirmation but may support hypertension as a contributing factor to POCD risk in a sub-set of patients.
There is a great deal of interest in hypertension as a cognitive risk factor due to high prevalence in the general [14] , older [11] , and in surgical populations [6, 20] , and because it is modifiable. Anti-hypertensive treatment has been linked to a reduced risk of age-related cognitive impairment [65] , though a Cochrane review of randomized controlled trialswhich help shed light on the issue of causality -found that the overall evidence on anti-hypertensive treatment and risk of cognitive impairment was inconclusive [66] .
A number of candidate contributors to reports of blood pressure links with cognitive risk [15, 67] have been identified and complex interplays among a range, or all, are likely. Fifty percent of patients with hypertension are affected by insulin resistance which impairs cognitive function directly for instance through alterations in cerebral blood flow, as well as indirectly through associated inflammatory response [68] . Disease of the cerebral vasculature as the basis of the increased risk of cognitive impairment seen in people with hypertension [69] finds support in reports of a reduced risk of cerebral infarction following improved blood pressure control [70] . In line with a now well-established vascular component of Alzheimer's disease [68, 71] , hypertension is further associated with deposition of the beta amyloid peptide [72] . Recently, low beta amyloid in cerebrospinal fluid (indicative of pre-clinical early stages of Alzheimer's disease neuropathology) has also been linked to the development of POCD [73] . On the basis of that type of evidence, the present null finding across all included studies is surprising, but may be due to a number of factors. Statistical power was limited by high prevalence of hypertension in some studies (e.g., 99% [6] ). We further suspect ascertainment bias. Patients with poor health may not have undergone as detailed blood pressure assessment as healthier patients so that hypertension remained undetected. At the same time, these patients may have been prone to POCD. Definition of hypertension was rarely specified, and as is common in the research literature [41, 49, 74] likely often included the criterion "use of anti-hypertensive treatment". This is despite uncertainty on its relationship with risk of age-related cognitive impairment per se [65, 75] and a lack of knowledge of its relationship with POCD. Hypertension could also have been well-controlled for years in patients on anti-hypertensive treatment. Finally, normotensive patients may have suffered from white-coat [76] and anxiety-induced hypertension due to scheduled surgery [77] . Overall, any actual underlying links of blood pressure with POCD risk may have been eliminated by such "dilution" of "hypertension" groups.
None of these explanations could reasonably account for reports of associations of hypertension with age-related cognitive impairment [15, 67, 78] and POD [16] , however. All studies of hypertension would be equally affected. We therefore have to consider the possibility that our finding is not due to bias but reflects some difference of (potentially sex-specific) hypertension links with POCD versus other forms of impairment. This would be consistent for instance with associations of hypertension with risk of stroke [69] but mixed results for post-operative stroke in particular [79, 80] .
We are unable to determine this on the basis of our results. From a clinical perspective, our findings indicate that hypertension at the time of presenting for surgery provides little information on the cognitive risk of a patient. However, the exploratory nature of the studies included here has to be considered. None set out to assess hypertension and risk of POCD. Only 2 of 24 included studies applied statistical adjustment, and these 2 built large statistical models without any pre-specified hypotheses. Thus, our finding should be seen as preliminary pending evaluation in further epidemiological studies targeted at the research question. With sex as a potential risk modifier, male and female samples would ideally be investigated separately. Blood pressure readings and use of anti-hypertensive medication (leading to normalization of blood pressure) should also be considered separately and studies should attempt to capture samples that include hypertensive and hypertension-free patients at equal proportion. The role of cognitive reserve, which predicts both late-life hypertension [81] and POCD [82] , as well as potential interaction effects of hypertension with intraoperative blood pressure control warrant evaluation. Finally, frailty, which is related to blood pressure control [83] , may be an important concept to recognize in cognitive epidemiology [84] including that of POCD.
A number of limitations must be considered. POCD definition was heterogeneous across studies and definitions of hypertension were generally lacked. Thus, we are unable to tease out the influence of blood pressure versus antihypertensive treatment on POCD risk. Statistical analyses in the primary studies were rarely adjusted for potential confounders. For sex in particular, the present analysis indicated that hypertension associations with POCD may be limited to samples that include a large proportion of males. Therefore, an influence of confounding by factors such as sex on our pooled estimates is likely. We performed several statistical tests in stratified analyses, which introduced risk of type I error; thus, these subgroup results are to be interpreted cautiously.
We conclude that current research studies do not support the hypothesis that hypertension is a risk factor for POCD; however, these studies had not set out to investigate the risk associated with hypertension and rarely considered potential confounding factors in their analyses. Adequately designed studies are urgently needed to elucidate the definitive role of hypertension in the epidemiology of POCD.
